The gap effect is a key factor in the design of the heat sealing in supersonic vehicles subjected to an aerodynamic heat load. Built on S-A turbulence model and Roe discrete format, the aerodynamic environment around a gap on the surface of a supersonic aircraft was simulated by the finite volume method. As the presented results indicate, the gap effect depends not only on the attack angle, but also on the Mach number.
As a result of its necessary employment in structure and application, a variety of gaps are designed on the surface of a supersonic aircraft. For instance, thermal protection systems of American X-33 aircraft consist of various splicing metal thermal insulation tiles, and gaps between these titles are reserved for thermal expansion. And space shuttle orbiters also require gaps between silica tiles in the thermal protection systems. During the flight, high temperature air flows through the gap, the air at low velocity within the boundary layer could flow into the gap and exchange momentum and energy with the low temperature static gas, which will make the gas temperature in gaps rise. The gaps can modify the boundary layer state and cause local heat effect, 1 and this phenomenon is referred to as gap effect. If aerodynamic heat load is severe, the gap effect could damage the fuselage and disable the thermal protection systems. The flow and heat transfer are complex around gaps between tiles. 2 The interaction between shock wave and boundary layer also brings difficulty in the research on gap flows. The papers in this field mostly focused on the aerodynamic characteristics of gaps via experiments. Bertin and Goodrich 3 investigated several variables which included the free-stream Reynolds number and the gap configuration, e.g., width, depth, and orientation. Charbonnier and Boerrigter 4 utilized infrared thermograph to deduce the heat transfer coefficient on the experimental model. Palmer et al. 5 submitted a series of surface heating augmentation factors that provided an increase or decrease in the heating rate expressed as a function of step height and gap width. However, there have been few numerical researches on fluid flows inside gaps. Hinderks and Radespiel 6 obtained the flow field in gaps behind the nose cap of American X-38 aircraft using CFD code. Yang and Wei 7 developed a hypersonic simulation method for missile slot flow. Up to now, an optimization approach to thermal protection systems in supersonic vehicles remains a longstanding challenge. Toward this objective, we analyze in this paper the flow field and the local heat effect around a gap with the software FLUENT.
Define deflection angle as the angle between the flow direction and the vertical direction of gaps. If the deflection angle is not equal to zero, three-dimentional effect should be considered. But in this paper, simulation is done under the conditon that the deflection angle is equal to zero, so two-dimentional model is adopted. Governing equations for the turbulent flow around a gap are
where u i , ρ, P, T , μ, k, c are the velocity component, density, pressure, temperature, viscosity coefficient, thermal conduct coefficient, specific heat capacity of the fluid, respectively, and i, j = 1, 2, 3.
The turbulent flow around a gap is solved on the basis of the Spalart-Allmaras model, which introduces turbulence variablesμ. And turbulent viscosity μ t is given in the form μ t =μ f v1 , where f v1 = χ 3 /(χ 3 +C v1 ), χ =μ/μ, and turbulence variablesμ can be deduced as
where σ and C b2 are constants, Q is source term
where d is the distance to the wall surface,
The governing equations have to be discretized by the finite volume method in order to obtain the gap effect, in which Roe discrete format is adopted for the convection term.
Calculation model is built upon the following boundary conditions: the pressure value and temperature of the free stream being equal respectively to 1.01 × 10 5 Pa and 300 K, and u = 0, v = 0 at the wall surface. Calculation model and gap geometry size are presented in Fig. 1 , respectively. In addition, structural mesh grids are adopted. On the condition that Mach number equals to 4 and attack angle equals to 0 • , 15 • , 30 • , respectively, isovelocity is shown in Fig. 2 , and isobars is shown in Fig. 3 . The up pictures are partially enlarged view of the flow field around a gap. As can be seen from Fig. 2 , for α = 0 • , α = 15 • , a complex vortex motion exists in the top region of gaps. When airflow flows over gaps, it separates on the upstream surface and expands into the gaps. The separated airflow is compressed on the downstream sidewall to form a high pressure zone, and then the airflow inside the gaps flows reversely, which flows downstream by the shear action after reaching the separation point. Thus a vortex system emerges inside the gaps, and the blank area in the gap is a static region of gas flow (seen in Figs. 2(a) and 2(b) ). For α = 30 • , the vortex motion expands to the whole gaps. However, as can be seen from Fig. 3 , regardless of changes of attack angle, the pressure in gaps keeps changing very little, which shows that the velocity of vortex motion in the gaps must be low for a small attack angle.
The same rule can be obtained from the isodense in Fig. 4 . With α = 0 • , α = 15 • , the disturbance region of outflow only exists in the upper portion of gaps, which shows that the mass flow rate of outflow into gaps is small. Whth α = 30 • , the disturbance region expands to the whole gaps. Define the heating ratio q/q 0 as the ratio between the heat flux on a gap surface and the one on flat plate without gaps. The gap effect under the condition of attack angle being 0 • , 15 • , and 30 • and Mach number 2 is shown in Fig. 5(a) , and that of Mach number 4 is shown in Fig. 5(b) . The heating ratio along the x coordinate in gaps shows approximate "U" curve, and decreases as the depth of gap increases, which comes as a result of the attenuation of energy transfer along the depth direction of gaps. The aerodynamic heating region appears on the top half of the windward surface of gaps, and the peak value of the heating ratio appears at the corner of the windward surface where a shock wave occurs. In the other region of gaps, the heating ratio is very low, almost zero. In heat convection, the heat flux is related to n power of the pressure. For turbulent, separated flows, n equals to 0.8, 1.0, respectively. As shown in Fig. 3 , pressure in gaps keeps almost constant, but the heating ratio is not constant, which shows that the heat transfer in gaps comes mainly from heat conduction on the condition of a faint attack angle. As the attack angle increases, the heating ratio keeps lower at the bottom surface of gaps and increases on the top half of the windward surface of gaps obviously. This is because the increasing attack angle makes the mass flow of outflow into gaps go up too, but due to the attenuation of energy, the increased mass flow can not have an influence on the flow field at the bottom of gaps.
The gap effects under the condition of Mach number 2, 3, 4 are given in Fig. 6 . As Mach number increases, the heating ratio keeps very low at the bottom surface of gaps, and decreases slightly on the windward surface of gaps. However, the peak value of the heating ratio at the corner of the windward surface goes up with the increase of the Mach number. This phenomenon can be explained as follows. With the increase of Mach number, the boundary layer becomes thinner, thus the mass flow rate of outflow into gaps decreases, which causes a decrease of heating ratio on the windward surface of gaps. Owing to the compression effect of the subsequent shock wave, the heating ratio at the corner of the windward surface goes up as Mach number increases. In summary, the heating ratio along the x coordinate in gaps shows approximate "U" curve, the peak value appears at the corner of the windward surface of gaps because of the subsequent shock wave, and the gap effect depends not only on the attack angle, but also on the Mach number, which should be taken into consideration in the design of thermal protection layer. 
